Background: Current approved nucleoside therapies for genital herpes simplex virus (HSV) infections are effective but improved therapies are needed for treatment of both acute and recurrent diseases. Methods: The effects of N-methanocarbathymidine were evaluated and compared to acyclovir using guinea pig models of acute and recurrent infection. For acute disease following intravaginal inoculation of 10 6 pfu HSV-2 (MS strain), animals were treated intraperitoneally beginning 24 h post-infection, and the effects on disease severity, vaginal virus replication, subsequent recurrences, and latent virus loads were evaluated. For evaluation of recurrent infection, animals were treated for 21 days beginning 14 days after infection and disease recurrence and recurrent shedding were evaluated. Results: Treatment of the acute disease with N-methanocarbathymidine significantly reduced the severity of acute disease and decreased acute vaginal virus shedding more effectively than acyclovir. Significantly, none of the animals developed visible disease in the high-dose N-methanocarbathymidine group and this was the only group in which the number of days with recurrent virus shedding was reduced. Treatment of recurrent disease was equivalent to acyclovir when acyclovir was continuously supplied in the drinking water. Conclusion: N-methanocarbathymidine was effective as therapy for acute and recurrent genital HSV-2 disease in the guinea pig models.
Introduction
Genital herpes is a common sexually transmitted disease around the world. 1 The synergistic relationship with human immunodeficiency virus (HIV) further enhances its impact on public health. 2, 3 Current approved nucleoside therapies for genital herpes reduce the severity of primary disease and virus shedding during the acute disease, but do not appear to affect subsequent recurrences. 4, 5 When used daily for the prevention of recurrent infections, these drugs decrease the frequency of recurrent disease and reduce but do not eliminate recurrent shedding. [6] [7] [8] Similarly, they reduce, but do not prevent transmission of virus. 9 N-methanocarbathymidine (N-MCT), a thymidine analog that incorporates a pseudosugar with a fixed Northern conformation, has greater antiviral activity against herpes simplex virus (HSV) type 1 and HSV-2 than acyclovir (ACV). [10] [11] [12] In studies using a guinea pig model of neonatal HSV-2 infection and a lethal murine HSV-2 infection model, it was significantly more effective than ACV, especially after delayed therapy. 13, 14 Phosphorylation by the HSV thymidine kinase (TK) 15 is similar to ACV in that the HSV TK catalyzes the conversion of both drugs to monophosphate and diphosphate, although N-MCT is metabolized to the diphosphate solely by HSV TK while ACV is not. 12 We therefore evaluated the effects of N-MCT treatment on acute and recurrent HSV-2 infections using the guinea pig model of genital HSV-2.
Material and methods
Antivirals N-MCT was kindly provided by N & N Pharmaceuticals Co. (Rockville, MD) and was dissolved in sterile saline solution for intraperitoneal (IP) administration. ACV (Sigma Co., St. Louis, MO) was obtained from the Cincinnati Children's Medical Center pharmacy and dissolved in sterile saline solution for either daily IP or ad libitum administration (5 mg/ml) to animals in drinking water. 16 Animals Female Hartley guinea pigs (250-350 g) were obtained from Charles River Breeding Laboratories (Wilmington, MA) and housed under AAALACapproved conditions at Cincinnati Children's Hospital Medical Center. All procedures and protocols were approved by the Cincinnati Children's Hospital Research Foundation Animal Care and Use Committee.
Viruses and cells
HSV-2 strain MS (ATCC-VR540) was grown in low passage primary rabbit kidney cells and titered on rabbit kidney cell monolayers as previously described. 17 
Intravaginal guinea pig HSV-2 infection model
The therapeutic efficacy of N-MCT against HSV-2 infection was evaluated in the guinea pig model of genital infection. Animals were inoculated intravaginally with 1 Â 10 6 pfu of HSV-2 (MS strain) by rupturing the vaginal closure membrane with a moistened calcium alginate tipped swab (Calgiswab #3, Spectrum Labs., Los Angeles, CA) and instilling 0.1 ml of a virus suspension into the vaginal vault. Virus titers in vaginal swabs were determined on rabbit kidney cells grown in Basal Media Eagle (BME) (Gibco-Invitrogen) and 10% fetal bovine serum (FBS) (Hyclone, Thermo Fisher Scientific) as described previously. 18 Primary genital skin disease was quantified using a lesion score-scale ranging from 0 representing no disease to 4 representing severe vesiculoulcerative skin disease of the perineum. 18 Following recovery from primary infection, animals were examined daily from 15 to 63 days postinfection (dpi) for evidence of spontaneous recurrent herpetic lesions. 18 The number of lesion days (days on which a recurrent lesion was observed on the perineum) was recorded. To evaluate recurrent virus shedding, vaginal virus swabs were collected three times weekly (Monday, Wednesday, Friday (M, W, F)), beginning at 21 dpi and continued until 63 dpi. Swabs were stored frozen (À80 C) until DNA extraction and evaluated by qPCR to measure HSV-2 DNA and to determine the frequency of viral shedding into the genital tract. At the end of the study, the guinea pigs were sacrificed, and the dorsal root ganglia (DRG) and spinal cords were harvested aseptically. The tissues were stored frozen (À80 C) until DNA was extracted for qPCR evaluation of latent virus.
N-MCT therapy of HSV-2 infected guinea pigs N-MCT was administered either during the acute phase of infection for seven days (experiment 1) or treatment was administered starting at 15 dpi for 21 days (experiment 2).
In experiment 1, 48 female Hartley guinea pigs were divided into four groups (n ¼ 12): group 1: vehicle control (saline), group 2: 25 mg N-MCT/kg/day, group 3: 50 mg N-MCT/kg/day, and group 4: 100 mg ACV/kg/ day. The animals were treated twice daily IP for seven days starting 24 h post inoculation. After intravaginal infection, the animals were swabbed on 2, 4, 6, 8, and 10 dpi to measure acute vaginal virus titers. On 3 and 7 dpi, blood was collected by toenail bleed from six animals per group 1 h after the morning treatment for evaluation of plasma drug levels. The plasma was sent to Dr Robert Glazer for PK analysis. The animals were monitored daily for recurrent disease until 63 dpi and vaginal swabs were collected for qPCR analysis of vaginal shedding as described above. At 63 dpi, the animals were sacrificed and the DRGs and spinal cords were collected for qPCR analysis of viral DNA load.
In experiment 2, 60 Hartley guinea pigs (300-350 g) were divided into four groups (n ¼ 15): group 1: vehicle control (saline, IP, twice daily), group 2: 50 mg N-MCT/kg/day, IP twice daily, group 3: 100 mg N-MCT/kg/day, IP once daily, and group 4: 5 mg/ml ACV, ad libitum in drinking water. The guinea pigs were inoculated intravaginally and followed during primary infection until day 14. The animals were then randomized, based on weights and primary scores, into the four treatment groups. N-MCT was prepared in saline and was administered IP. The vehicle control group received saline IP twice daily. ACV was dissolved daily (5 mg/ml) and administered ad libitum in the drinking water as this is more effective than IP inoculation. 16, 19 To confirm infection, a vaginal swab was collected at 2 dpi and cultured for evidence of viral replication and infection from all guinea pigs prior to randomization and treatment. Animals which were not infected were not included in the study. Treatment was initiated on day 15 and continued for 21 days until 35 dpi. The animals were examined daily for recurrent lesions and vaginal swabs were collected 3Â/week (M, W, F, 15-45 dpi) and stored frozen for analysis of asymptomatic shedding by PCR. The animals were monitored until 45 dpi at which time the study was terminated. DRG and spinal cords were not collected.
Bioanalytical measurements
N-MCT levels were quantitated in guinea pig plasma samples obtained 1 h after the morning dose of N-MCT on days 3 and 7 in experiment 1 using liquid chromatography with tandem mass spectrometric detection (LC-MS/MS). Plasma was mixed with an equal volume of acetonitrile and mixed on a vortex mixer for 3 min. Samples were centrifuged at 3700 Â g for 10 min and 50 ml aliquots were mixed with 500 ml water on a vortex mixer for 2 min before injection. Analyses used an Agilent 120011100 LC/MSD system using atmospheric pressure chemical ionization (APCI) with a MeOH:H 2 O gradient on a narrow-bore (2.1 mm lD) Zorbax C 18 reverse-phase column. APCI is more sensitive and easier to interpret than electrospray ionization (ESl) for thymine-containing nucleoside analogs. Both the total-ion chromatogram and the wavelength-specific chromatogram at 273 nm indicated a single major peak that corresponded to unmetabolized N-MCT.
QPCR of HSV-2 DNA
Viral DNA levels in DRGs and spinal cords harvested at the end of each study and vaginal swab samples collected between 15 and 63 dpi were determined. 20, 21 Briefly, DRG and spinal cords were homogenized on ice in 500 ml of 2% FBS BME. DNA was isolated from 200 ml of the tissue homogenates and vaginal swab media using QIAamp DNA Mini Kit (Qiagen #51306) according to the manufacturer's protocol. The samples were incubated with proteinase K for 1 h at 65 C. Viral DNA was detected using primers specific for the HSV-2 gG gene (kindly provided by Dr Debbie Long, Genocea Inc.) yielding a 71 bp DNA product. The primers were obtained from Sigma-Aldrich and the sequences were: Each PCR reaction contained 50-100 ng of sample DNA, 50 mM of each primer, and 10 mL of Taqman Gene Expression Master Mix (ABI). A Tam/Fam fluorescent dye was used and the PCR amplification was performed using a 7500 Fast Real-Time PCR system (ABI). Total volume of each sample was 20 mL. A standard curve was generated with 10-fold serial dilutions of purified HSV-2 DNA (ATCC) containing 10 5 -10 0 HSV-2 copies in 50 ng of uninfected guinea pig DNA. The amplification program used included a pre-incubation step at 50 C for 2 min and at 95 C for 10 min, followed by 50 cycles consisting of a denaturation step at 95 C for 15 s, annealing at 60 C for 1 min and elongation at 72 C for 10 s. The limit of detection of the assay was between 10 0 and 10 1 copies. All samples which were negative for viral DNA were diluted 10-fold and the PCR assay was repeated.
Statistics
For comparison of means, data were analyzed by ANOVA followed by a Student's t test comparison. The primary comparisons were the comparison of the treated groups to vehicle alone. Statistics were not adjusted for the multiple comparisons. Incidence data were compared by Fisher's exact test. All comparisons are two-tailed. Data are presented as means and standard deviation. Pearson's correlation coefficient was used to evaluate the correlation between latent virus loads in the DRG and recurrent lesions and recurrent virus shedding.
Results

Treatment of acute genital herpes
As seen in Figure 1 (a), treatment with either ACV or the two N-MCT doses decreased the severity of primary disease. Treatment with ACV significantly reduced the mean lesion score from 9.9 in the vehicle group to 3.5 (p ¼ 0.004), while treatment with 25 mg/kg N-MCT or 50 mg/kg N-MCT further reduced the score to 0.58 (p ¼ 0.007 vs. ACV) and to 0.00 (p ¼ 0.001 vs. ACV), respectively. Significantly, none of the animals developed visible disease in the 50 mg/kg N-MCT group compared to 8 of 12 (67%) in the ACV group (p ¼ 0.002) and 10 of 12 (83%) in the vehicle group (p < 0.001). Similarly, while reductions in virus replication were seen for each treatment, the reduction with N-MCT was greater than ACV and virus levels were reduced more rapidly by N-MCT compared to ACV (Figure 1(b) ). For example, at 4 dpi, virus titers were reduced from 3.3 log 10 pfu/ml in the vehicle group to 1.75 log 10 pfu/ml by ACV, but further reduced by another log to 0.71 log 10 pfu/ml (p < 0.05 vs. ACV) and 0.65 log 10 pfu/ml (p < 0.05 vs. ACV) by 25 mg/kg and 50 mg/kg of N-MCT, respectively.
Treatment of the acute disease did not reduce the number of animals that developed subsequent recurrences. However, as shown in Figure 2 (a), treatment with both 25 and 50 mg/kg/day of N-MCT significantly reduced the number of days with recurrent lesions from 7.6 AE 3.8 days in the vehicle group to 3.1 AE 3.0 days (p ¼ 0.004) and 2.3 AE 1.9 days (p < 0.001) for the 25 mg/kg and 50 mg/kg N-MCT groups, respectively (Figure 2(a) ). The difference between the ACV group (5.1 AE 3.8 recurrent lesion days) and the 50 mg/kg dose was also significant (p ¼ 0.03). Of importance, only treatment with 50 mg/kg/day N-MCT decreased the number of days that recurrent virus shedding was detected from 34.8% in the vehicle group to 23.0% (p ¼ 0.01) (Figure 2(b) ). Animals in the 50 mg/kg/day N-MCT group were also the only group to shed less virus on the days that virus was detected by PCR (1.27 AE 0.70 log 10 genomic copies/mg DNA for the 50 mg/kg/day N-MCT group compared to 2.17 AE 0.42 log 10 genomic copies/mg DNA for the vehicle group, p < 0.001) (data not shown). Similar to the data for recurrent lesions and recurrent shedding, N-MCT treatment during the acute disease leads to a significant decrease in the latent viral load of the DRG and the spinal cord ( Figure 3 ). Viral genome was detected in 10 of 12 animals in the vehicle group, with a mean viral load of 3.18 AE 1.25 mean log 10 genomic copies/mg DNA, whereas latent viral DNA was detected in 4/12 of the 25 mg/kg/day N-MCT group and only 2 of 12 of the 50 mg/kg/day N-MCT group (1.15 AE 0.69 mean log 10 genomic copies/mg DNA (p < 0.001) and 0.98 AE 0.66 mean log 10 genomic copies/mg DNA (p < 0.001, respectively). ACV treatment did not significantly reduce the viral load in the DRG (2.28 AE 1.05 mean log 10 genomic copies/mg DNA, p ¼ 0.068). Similar findings were seen for the spinal cord ( Figure 3 ). Significantly, treatment with 50 mg/kg/day N-MCT completely prevented latent infection of the spinal cord.
N-MCT pharmacokinetics
APCI is more sensitive and easier to interpret than ESl for thymine-containing nucleoside analogs. Both the total-ion chromatogram and the wavelength-specific chromatogram at 273 nm indicated a single major peak that corresponded to unmetabolized N-MCT. Table 1 shows the concentrations that were obtained at doses of 25 mg/kg and 50 mg/kg N-MCT. Plasma concentrations of N-MCT were proportional to dose, and equivalent concentrations obtained at 3 and 7 days of treatment. Plasma levels of N-MCT were 45-to 85fold higher than its IC50 of 0.1 mg/ml against HSV-2. 22 Correlation of latency to recurrent disease and recurrent virus shedding Data evaluating the relationship between the quantity of latent virus (the pool of virus available to reactivate) and the frequency of recurrent disease or recurrent virus shedding are limited. We therefore used the data from the above experiment to address the hypothesis that there would be a positive correlation between these data. We found that the number of recurrent lesion days (p < 0.001) and recurrent shedding days (p ¼ 0.009) were correlated to the amount of latent virus (Figure 4 ).
Treatment of recurrent genital herpes
In the next experiment, we examined whether treatment of latently infected guinea pigs with N-MCT would reduce the number of recurrent lesion days or recurrent shedding days (Figure 5a, b) . In this study, animals were administered 100 mg N-MCT daily, either twice daily (50 mg/kg/dose) or once a day (100 mg/kg/dose) starting at 15 dpi and continued through 35 dpi. During this treatment period, both N-MCT treatments reduced the recurrent lesion days by about 50% from 3.8 AE 4.1 in the vehicle to 1.7 AE 2.6 and 1.9 AE 2.1, respectively, for the twice a day and once a day N-MCT groups. The reduction by continuous oral administration of ACV in the drinking water was similar (1.7 AE 2.4). These reductions were not significantly different compared to the vehicle group (p ¼ 0.13-0.17). Twice daily N-MCT did significantly reduce the number of days of recurrent virus shedding from 39.3% in the vehicle group to 24.4% (p < 0.05) ( Figure 5(c) ). Continuous ACV (12.1%) was, however, the most effective therapy, although it was administered on a continuous basis equivalent to approximately 450-900 mg/kg/day.
Discussion
Treatment of primary genital herpes should reduce the severity of lesions and, if provided early enough in the disease process, lower the amount of virus that becomes latent. Presumably lowering the burden of latent virus would lead to reduction in virus that can reactivate and cause recurrent disease and recurrent virus shedding. In the studies presented here, IP administration of N-MCT was significantly more effective than high dose ACV in reducing the severity of primary genital herpes disease and in preventing the development of primary disease. Further, N-MCT more effectively reduced local replication in the genital tract and the amount of latent virus in the DRG, the site of latency, compared to ACV. Reductions in recurrent disease and recurrent virus shedding were also greater with N-MCT. These effects were undoubtedly related to the high plasma levels of N-MCT achieved after IP administration, which far exceeded its IC50 against HSV-2. 22 Thus, there were clear advantages to N-MCT compared to ACV when used early for the treatment of primary genital herpes. This is consistent with the improved outcomes seen in neonatal HSV disease in guinea pigs when N-MCT was compared to ACV. 14 IP administration was chosen to mimic IV administration and provide the greatest opportunity for success. Previous studies have shown that oral administration is also effective against HSV infections. 13 To date there have not been any reports of toxicity in the preclinical evaluations.
There is also a need to improve the effectiveness of antiviral treatment when used for recurrent HSV disease. Present day use of nucleoside analogs reduces recurrent disease and decreases, but does not prevent recurrent virus shedding. [6] [7] [8] In the studies presented here, N-MCT reduced the number of recurrent lesion days by a similar amount compared to ACV, when ACV was continually supplied in the drinking water. N-MCT also reduced the number of days with recurrent virus shedding but was not as effective as ACV. However, the continual administration of ACV in the drinking water provided an advantage to this drug compared to N-MCT, as most recurrent HSV disease is due to frequent short duration events. 23 The use of two antivirals that decreased latent virus load when used to treat primary genital herpes in guinea pigs provided an opportunity to correlate latent virus load and recurrent disease and shedding. Previous experiments using ACV had shown a high correlation of latent virus load and in vivo reactivation of latent HSV-1 in mice following heat shock. 24 To our knowledge, this is the first comparison of recurrent virus shedding and latent virus load in the guinea pig genital model. The correlation between detection of reactivated HSV-1 in the trigeminal ganglia and the burden of latent virus reported previously 24 was considerably higher than the correlation of latent HSV-2 and spontaneous reactivation reported here. This is most likely due to the need for events following reactivation that are required to produce the end points measured here, lesions and genital tract shedding compared to the previous report detecting reactivated virus in the ganglia. Thus, in our model of spontaneous recurrences, after reactivation the virus must exit the neurons and replicate in the genital tract to produce lesions or enough virus to detect in vaginal swabs. These additional steps could provide variability that leads to the reduced correlation that we report here. It is also possible that HSV-2 or genital HSV infections have sites of persistent virus other than the DRG.
In summary, N-MCT had advantages compared to ACV for treating primary genital HSV-2 infections and was as effective as continuous treatment with ACV. N-MCT should be further evaluated in clinical trials for the treatment of genital herpes infections.
